A large area antenna generates a plasma by both inductive and capacitive coupling; it is an electromagnetically coupled plasma source. In this work, experiments on a large area planar RF antenna source are interpreted in terms of a multi-conductor transmission line coupled to the plasma. This electromagnetic treatment includes mutual inductive coupling using the complex image method, and capacitive matrix coupling between all elements of the resonant network and the plasma. The model reproduces antenna input impedance measurements, with and without plasma, on a 1.2 1.2 m 2 antenna used for large area plasma processing. Analytic expressions are given, and results are obtained by computation of the matrix solution. This method could be used to design planar inductive sources in general, by applying the termination impedances appropriate to each antenna type.
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Introduction
Uniform plasma processing over large areas (>1 m 2 ) is required for the industrial production of solar cells, flat panel displays, packaging, and surface treatment, etc. Inductively coupled plasma (ICP) reactors are standard in the semiconductor industry, and are being further developed for large area applications [1] [2] [3] [4] [5] .
Electromagnetic (EM) effects such as standing wave nonuniformity can arise in ICP antenna sources [6] [7] [8] [9] [10] [11] [12] [13] when the reactor size is non-negligible compared to the RF excitation wavelength, as well as in capacitively coupled (CCP) reactors [14] [15] [16] [17] . Furthermore, capacitive coupling occurs in ICP reactors [13, 14, 18] , just as inductive coupling occurs in CCP reactors [15] . Hence the need for an electromagnetic model of large area ICP antenna sources: calculations of the antenna characteristics are necessary for source design and prediction of plasma properties, as well as for comprehension and interpretation of measurements. For example, the influence of plasma coupling on the antenna input impedance determines the power transfer efficiency [19] and the RF power matching conditions.
Existing models of ICP sources
The transformer model [1, 14, 20] , using discrete (lumped) circuit elements to represent self-inductances and mutual inductance with the plasma, is often used to model solenoid and coil ICP sources, including spiral coils [21] . The inclusion of parasitic capacitive coupling improves the model [14, 22] . For large area ICP sources, EM standing wave effects have previously been described by treating long coils as a single, lossy transmission line [6] [7] [8] [9] , where the transformer model was used to calculate the per-unit-length coupling to the plasma. ICP antennas were also treated as segments of an immersed transmission line [10] . These models do not consider capacitance and mutual inductance matrices between all the antenna elements and the plasma [7] . Mashima et al [23] used the moment method but plasma coupling was not taken into account. Numerical simulation can include EM effects via the wave field equations [11] [12] [13] although the solution requires longer computation.
In this paper, a large area ICP antenna array is modeled as a multi-conductor transmission line (MTL) [24] . The results of this EM model are compared with experiments performed on a 1.2 1.2 m 2 planar antenna which consists of an array of identical resonant circuit elements. When excited at one of its resonance frequencies, the RF resonant antenna develops very high currents within its structure, which can be used as an ICP source [19, [25] [26] [27] [28] [29] . Due to the spatially distributed resonant network, they are good candidates for large area plasma processing, with a particular advantage concerning impedance matching and power transfer efficiency because of their high and real input impedance. Previous models of small resonant network reactors successfully described antenna-plasma loading by accounting for lumpedelement mutual inductance between the antenna elements and the plasma; a mutual inductance matrix was calculated in terms of plasma properties using the complex image method [30, 31] .
For the large area source, however, experiments show that plasma can be maintained even for an electrically floating antenna, which means that strong capacitive currents flow from the antenna via the plasma to ground. Modeling and ICP source design therefore also require the calculation of the associated capacitance matrix. The self-consistent calculation of antenna currents and voltages coupled by the mutual inductance matrix and the capacitance matrix is achieved here by considering the array of antenna legs as a MTL [24] coupled with the plasma. These considerations could also be relevant to other large area antenna reactor designs [1] [2] [3] such as the ladder antenna [23, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , the serpentine antenna [10, 12, 44] , the U-type antenna [45] [46] [47] and the double comb-type antenna [48] [49] [50] .
Comparison of large area ICP sources
External coil ICP reactors have the scale-up problem that the thick dielectric window, necessary to withstand atmospheric pressure over a large area, reduces the mutual inductance with the plasma [4-7, 11, 40, 51] . Internal coil ICP reactors can increase inductive coupling with the plasma and avoid the necessity of a thick dielectric window [52] [53] [54] [55] by placing the antenna inside the vacuum chamber. Large area ICP sources are often an array of parallel linear legs [40] . The legs can be immersed in the plasma, with the legs individually isolated by a dielectric sleeve (serpentine [10, 12, 44] , U-shape [45] [46] [47] , comb-type [48, 49] ), or directly exposed to the plasma (for example, versions of the ladder type [2, 36, 40] ). Alternatively, the whole ICP antenna can be embedded in a dielectric, protected from the plasma by a thin window [22, [56] [57] [58] [59] . In this context, the large area resonant antenna in this work is an internal, embedded ICP source. This paper is organized as follows: first, the large-area antenna experimental setup is described in section 2. A MTL model of the antenna is introduced in section 3 which uses a mutual partial inductance matrix and a capacitance matrix. The MTL model is compared with measurements of node voltages and antenna input impedance spectra without plasma in section 4. Plasma loading and uniformity measurements for the large antenna operating as an ICP source are interpreted using the MTL model in section 5 before concluding.
Experimental setup
A schematic of the experimental setup is shown in figure 1 . The antenna network is made up of 25 water-cooled tubular copper legs, length 120 cm, external radius 0.4 cm, with parallel axes 5 cm apart. The legs are connected at both ends by stringers consisting of 375 pF ceramic capacitor assemblies with copper strip connectors 0.6 cm wide. The antenna assembly is set in a closed aluminium housing of internal dimensions 135×135×13 cm 3 . The leg axes are positioned 5 cm above the baseplate to limit eddy current power loss from inductive coupling with this plate. To avoid spurious plasma below and within the antenna network, the lower part of the reactor is filled with silica-alumina 85%-porosity foam dielectric. This low-permittivity dielectric also minimizes capacitive coupling, and hence RF capacitive current, to the baseplate. The antenna surface is separated from the plasma by 0.3 cm thick glass; this thin dielectric window promotes strong mutual inductive coupling with the plasma, although the close proximity to the plasma means that capacitive coupling must also be taken into account. Any small gaps between the foam, glass and legs are filled with microsphere glass beads to prevent parasitic plasma below the glass. The plasma boundaries are the glass surface, the grounded metal top-plate 7 cm above the glass which defines the plasma gap, and the grounded metal sidewalls. The whole reactor was placed inside a vacuum vessel.
The RF input power is centrally connected along one side via a coaxial cable at node A13 in figure 1(b) whose ground shield connects to the baseplate. In this way, the RF current circulates only on the inside of the closed reactor which acts as a Faraday screen; this is important to suppress electric field leakage and parasitic plasma ignition in the space between the reactor and the vacuum vessel walls [2] . Inside the reactor, the antenna was either grounded to the baseplate via connections A10 and A16 (to preferentially excite mode m=8 [25] ), or left unconnected for an electrically floating antenna.
The antenna impedance spectrum without plasma was measured with a network analyser, and the network node voltages An and Bn were measured with high impedance probes. The plasma-coupled network was electrically characterized by its input impedance and RF power using a current-voltage-phase probe (Z-Scan TM [60] ) at the vacuum feedthrough between the matching box and the antenna. Plasma density profiles were measured using a uniform surface array of 100 negatively biased (−30 V) multiplexed probes flush with the top-plate, and a laterally traversing Langmuir probe.
The plasma parameters were 1.5-2 Pa argon pressure with 500-2000 W delivered power over a frequency range from 12 to 14 MHz, and 15 kW at 13.56 MHz.
The multi-conductor transmission line (MTL) model for plasma-coupled antennas
This section introduces the electromagnetic model which will be used to interpret the experimental results in sections 4 and 5. Reliable calculations of the antenna characteristics are necessary for source design and prediction of plasma properties, as well as for comprehension and interpretation of measurements. For example, the influence of plasma coupling on the antenna input impedance determines the choice of capacitors for a given operating frequency, the power transfer efficiency [19] , and the RF power matching conditions.
Equivalent circuit for antenna-plasma coupling
In previous work on a small antenna [30, 31] , a lumpedelement equivalent circuit gave a good representation of the experimental measurements because the antenna legs were very short (0.2 m) compared to the wavelength of the RF excitation (22 m in vacuum at 13.56 MHz). Mutual inductance calculations were critically necessary in that work to accurately model the measured impedance spectra [30, 31, 61] . However, the present antenna is six times longer, and experimental observations can no longer be accurately explained by the lumped-element mutual inductance model. For example, it was observed that plasma can be maintained with no antenna ground connection; the return current must all be flowing by capacitive coupling via the plasma to ground. This is incompatible with a purely inductive model.
As a rule of thumb in the EM treatment of large area (or very high frequency) sources, standing-wave non-uniformity generally occurs when the reactor size L is longer than a tenth of the free-space wavelength of the RF excitation [15, 62] , i.e. EM effects are expected for fL c 0.1 > , where f is the frequency of the RF excitation and c is the speed of light in vacuum. The antenna stringers are much shorter than the legs and so a lumped-element approximation holds for these. Only standing waves in the long legs will be taken into account in the following calculations. The stringers enter the equations as termination impedances in appendix A.2.
The simultaneous capacitive and inductive coupling implies a transmission line treatment, where the multiple parallel leg conductors mean that the antenna can be described as a MTL [24] as shown in figure 2. Strictly speaking, the large antenna ICP generates a plasma which is simultaneously a CCP and an ICP; it would therefore be better described as an electromagnetically coupled plasma (EMCP) source. The MTL model will be developed here to calculate the input impedance of the antenna, and the distribution of currents and voltages, for any arrangement of RF power feeding and ground connections (or electrically floating).
For the MTL model, referring to figure 2, the line voltages on the N lines, with respect to the ground reference conductor, can be written as a column vector:
and similarly for the currents. The theoretical basis for the analysis of MTLs is given by Paul [24] . By analogy with single transmission line equations [6, 10, 63] , the generalized expressions for voltage and current are
where M is the per-unit-length mutual partial inductance N×N matrix for the antenna legs [31] , and C is the per-unitlength capacitance N×N matrix. In figure 2 , M ij is the mutual inductance between lines i and j, and L M i i i º is the self-inductance of the ith leg which is a special case of mutual inductance [64, 65] . The elements M ij and C ij of these matrices are generally complex, to account for the line series resistance and the dielectric parallel conductance, respectively. Mutual partial inductance exists between conductors which are parallel, but not between orthogonal conductors [65] . This means that one matrix can be defined for the legs, and another independently for the stringers; analytical expressions are given in [31] . The per-unit-length mutual partial inductance matrix for the legs, M , is obtained by dividing by the leg length.
The transmission line is assumed to be uniform along z so that M and C are constants. These two matrices are considered for the antenna, respectively without plasma and with plasma, in the next two sections. The uniform MTL wave equation, analogous to the single transmission line [6, 10, 63] , is:
for bi-symmetric matrices [24] . Also by analogy with single transmission line theory, the mode voltages have the solution
where Ḡ represents the complex propagation constants of the modes. The solution of the transmission line equations for the plasma-loaded antenna is given in appendix A.
Experimental results and comparison with the MTL model for the antenna without plasma
The MTL model was first verified by comparison with antenna measurements in air, without plasma. To access the antenna with voltage probes, these measurements were made with the top-plate removed as shown in figure 1(a) . The M and C matrices then describe coupling between antenna legs and their images in the baseplate, for which wire-to-plane (microstrip) expressions are well known [24, 30, 31, 63, 65] .
Either M or C can be calculated directly, and the other derived using MC I 0 0  m =¯¯, where I¯is the identity matrix for this homogeneous dielectric (vacuum) [24] .
Measurements with a grounded antenna
Comparison of the MTL calculation of antenna input impedance spectrum with the measurement shows very good agreement in figure 3 . The lumped-element mutual inductance solution (not shown) [31] is not as accurate because the frequencies are over-estimated by about 1% when capacitive coupling is neglected. The influence of capacitive coupling is Figure 2 . The antenna equivalent circuit comprising a multi-leg transmission line terminated at both ends by stringer capacitors C str . The C ij represent the per-unit-length capacitive coupling, and M ij the per-unit-length mutual partial inductance, between all legs, including their images induced in the plasma and in the reactor housing [31] . The reactor housing is the ground reference plane carrying the total RF return current. Only a few elements are shown for clarity. The real input impedance spectrum calculated using the MTL model compared with the network analyser measurement for a grounded antenna without plasma (RF feeding at A13; ground connections at A10 and A16). The m=8 mode is used in figures 4 and 7.
small for this case without plasma because the antenna is comparatively distant from the baseplate. Therefore, although the lumped-element model may be sufficiently accurate for vacuum calculations, it will be shown to be inadequate for plasma operation.
Comparison of the node voltage measurements An and Bn in figure 4(a) with the MTL solution in figure 4 (b) also shows very good agreement, where the distortion of the voltage distribution due to off-resonance conditions is reproduced in detail. The amplitude envelope given by the lumped-element inductive approach [31] in figure 4(c) is clearly not as accurate, because the effects of capacitive coupling are neglected.
The antenna parameters are now fixed and no case-tocase adjustment is applied to the reactor equivalent circuit.
Measurements with an electrically floating antenna
The MTL solution also provides very good agreement with the floating antenna input impedance spectrum measurement in figure 5 . In this case, the ground return connections A10 and A16 in figure 1(b) were removed and measurements were performed with the antenna electrically floating (DC decoupled) with respect to ground. In the MTL model, the impedances of the A10 and A16 connectors were set to a very high value. The previous lumped-element inductive model [31] has no corresponding solution because capacitive coupling was not considered there. The measured and calculated node voltages (not shown) again agree in fine detail.
This good agreement with experimental results lends confidence to the MTL model for capacitive and inductive coupling between the antenna elements without plasma. In the following sections, this approach is extended to include antenna-plasma coupling, where the antenna input impedance effects are more clearly manifested because of the close proximity of the plasma to the antenna.
Experimental and MTL model results for plasma coupling to the antenna
For plasma experiments, the dielectric foam and glass window were installed and the reactor was closed with the topplate as shown in figure 1(b) . The vacuum impedance measurements now correspond to a stripline because the antenna conductors are enclosed by both the baseplate and top-plate ground planes. Homogeneous stripline expressions for M and C are well known [24, 66, 67] . In presence of plasma, however, the situation is more complicated and the next two sections discuss how M and C can be estimated. Real input impedance spectrum calculated using the MTL model compared with network analyser measurement for an electrically floating antenna without plasma (RF feeding at A13; no ground connections). The mode m=8 is used in figure 8 for measurements with plasma coupling.
Matrix of partial inductances
M for the multi-conductor plasma-coupled antenna
The tangential magnetic field due to the leg currents decays with the characteristic skin depth [63] as it penetrates the plasma, inducing a skin depth current. The complex image method was introduced previously to estimate the mutual inductive coupling between the antenna elements and their image current in a semi-infinite plasma slab [30, 31] . The use of a complex skin depth p in the plasma accounts for both inductive coupling and ohmic dissipation in the antenna.
The complex image method is modified here to account for coupling with a resistive slab whose opposite boundary is limited by a conducting plate, as shown by Weisshaar et al [68] : in the expressions for mutual partial inductance [31] , the complex distance from source to mirror plane [30] , h p + , is replaced by the effective complex distance h D p p p tanh w = + ( ), where D is the distance across the plasma to the top-plate (see figure 6 ). This expression selfconsistently accounts for image currents induced by the antenna in both the plasma and the top-plate.
Using the principle of superposition for magnetic flux, the net mutual partial inductance M of the antenna is the algebraic sum of the mutual partial inductance with all induced currents, including image currents in the baseplate as well as the plasma and top-plate [31] . M is a bi-symmetric Toeplitz matrix and so only one row or column needs to be calculated to define the whole matrix, thus reducing computation time.
Capacitance matrix C for the multi-conductor plasmacoupled antenna
The importance of capacitive coupling is demonstrated by the observation that plasma is maintained even when the antenna ground return connections, A10 and A16 in figure 1(b) , are removed. The antenna is then electrically floating and it behaves as a CCP with an array of high voltage legs instead of a RF electrode plate. In this case, the RF feed current returns uniquely by capacitive coupling, principally via the plasma to the grounded top-plate. This is different from other ICP antennas which have ground connections, or at least a capacitor termination [14, 52, 55] . It is necessary to estimate the capacitance matrix between the antenna legs and the plasma.
The normal electric field in the sheath does not penetrate the plasma because of Debye screening [18] , therefore the antenna-plasma system can be treated as a microstrip transmission line with conducting boundaries defined by the antenna legs and the adjacent plasma surface. The microstrip is assumed uniform along the legs, but it is inhomogeneous in the transverse plane because of the vacuum and the glass dielectric regions shown in figure 6 .
The per-unit-length capacitance matrix of this inhomogeneous microstrip, C ms , was calculated from the inverse of Maxwell's potential coefficient matrix P [24, 69] using the partial image method of Silvester [24, 67] . P is the matrix of induced potentials at every leg position for unit charge separately on each leg. It is also a bi-symmetric Toeplitz matrix and so C P ms 1 = -¯i s bi-symmetric; it contains only real elements because the glass in figure 6 is effectively lossless.
A particularity of the microstrip here is that, although the plasma surface is the mirror plane for induced charge, it is not the ground plane; the ground plane is the top-plate on the far side of the plasma. With reference to figure 6, the transverse RF currents are given by i C V j  , where C s is the sheath capacitance, and R cap is the capacitive coupling resistance accounting for ohmic and stochastic heating of electrons [14] . This means that the MTL capacitance matrix C has complex elements, which represent an effective conductivity and capacitively coupled power loss. It is difficult to estimate R cap [14] although it is expected that the plasma resistance is small compared to the capacitive impedance. In practice, V V 0.1j
 gives a reasonable fit to the experimental data shown below. In view of these approximations, it would be superfluous and cumbersome to calculate the capacitance matrix for the complete experimental configuration, including multiple reflections of the antenna between the plasma and the distant baseplate in presence of the inhomogeneous dielectric. Instead, the capacitance matrix described above serves as a sufficient approximate example.
Plasma measurements with a grounded antenna
Figure 7(a) shows the grounded antenna input impedance spectra measured, with plasma, at the vacuum feedthrough for various RF powers using a variable frequency RF generator.
The observed shifts to frequencies below the vacuum resonance frequency are a clear indication of capacitive coupling of the antenna to the plasma. Figure 7(b) shows calculations of the corresponding input impedance mode spectra using the MTL model, which show reasonably good agreement for the frequency shifts and the strong reductions in input impedance in the presence of plasma loading of the antenna. Conversely, for purely inductive coupling [31] , the mode resonance frequency would only increase above the vacuum resonance, and the lumped-element model results (not shown) over-estimate the mode frequencies by ∼0.7 MHz (∼5%) and the mode impedance by a factor ∼2. This is a large error compared to the corresponding case without plasma (section 4.1) because of the close proximity of the antenna, and therefore strong capacitive coupling, to the plasma.
The mutual inductive coupling of the plasma with the antenna in figure 7(b) was calculated using the complex image method [30, 31] according to section 5.1. The mutual inductance depends on geometrical dimensions and the plasma complex skin depth, given by the electron density and the electron-neutral collision frequency [30] , as follows:
(i) The distance between the antenna leg axes and the plasma/sheath boundary, h 1.05 cm = , was chosen according to 1 cm from the leg axes to the glass top surface, plus an estimated 0.3-0.5 cm for the sheath width (corresponding to about four Debye lengths for the undriven sheath in these plasma conditions [18] »´-{ } for delivered RF power P 500, 1000, 1500, 2000 W rf = { } .
These three parameters suffice for the complex image calculations [31] in figure 7(b) .
The calculated range of real skin depth [31] goes from 7 cm (at 500 W) to 4 cm (at 2000 W). For the lowest power, the associated skin depth is approximately equal to the electrode gap, and capacitive coupling could be expected to dominate because significant current is induced in the topplate instead of in the plasma. On the other hand, for the highest power, the skin depth is approximately half of the electrode gap and inductive coupling could be expected to dominate [14, 18, 31] . This is consistent with the frequency shift from negative (dominant capacitive coupling) to positive (dominant inductive coupling) in figure 7 .
The RF power inductively coupled to the plasma via the mutual inductance is called the H-mode power transfer from the antenna ICP source, and the RF power coupled to the plasma by capacitive coupling is called the E-mode power transfer [8, 9, 14] . For the EMCP of these antennas, the transition from E-mode to H-mode can be indistinct [19] , because both E-and H-modes co-exist to some degree [8, 9, 14, 70].
Plasma measurements with an electrically floating antenna
For the floating antenna, the MTL model results in figure 8(b) are in fair agreement with the measurements in figure 8(a) . The measured plasma densities in this case were n 0.7, 1.7, 2.1 10 e 16 »{ } m −3 for delivered RF power P 500, 1500, 2000 rf = { } W. The purely inductive coupling (lumped-element) model [31] over-estimates the mode frequencies by ∼0.48 MHz (∼3.6%) and the mode impedance by less than 20%. This is a smaller error compared to the grounded case, possibly because capacitive currents to the plasma are weaker for the floating antenna.
Plasma uniformity
Uniformity is a key criterion for large area plasma processing. For this antenna, Langmuir probe density measurements in figure 9 (a) typically show a flattened dome profile with approximately 50% drop in plasma density from the center to the antenna edges 3 . This plasma non-uniformity does not fulfil the condition of transmission line uniformity in section 3.1, although averaging over the whole antenna nevertheless gives reasonable agreement with the measured plasma-loaded antenna input impedance in figure 8 . In CCP reactors, [15, 71, 72] , the RF current circulates as a spatially distributed surface current in the skin depth of metal plate electrodes, whereas the current in ICP reactors circulates in discrete coils or antennas. For ICPs, the antenna pattern of these currents may appear on the substrate if the radical diffusion path is not long enough, requiring low pressure and wide electrode gap [12, 73] . However, the peaks in figure 9 (b) are due to the m=8 mode structure of the resonant antenna, not the individual legs. Note that low pressure ICP operation brings the advantage of no powder formation in deposition plasmas [29] .
Figure 9(c) shows the measured variation in ion density along the length of the central leg. Using the MTL model, the calculated standing-wave variation of current and voltage along the legs is between 9% and 21%, depending on whether the node position is near the middle or the end of a leg. This corresponds to a wavelength reduction factor [15, 62, 74] of approximately 2.25 compared with the vacuum wavelength, due to the relative permittivity of the antenna-plasma system. The relative permittivity is a centro-symmetric matrix given by MC ; 0 0
) it is not a diagonal matrix because of the inhomogeneous dielectric-plasma system [24] and the different plasma penetration depths of the tangential magnetic and normal electric fields. However, the size and frequency of this reactor are not high enough to unambiguously demonstrate a standing wave non-uniformity in figure 9 (c) because of the convolution with the diffusion profile [75, 76] .
Conclusions
A large antenna generates a plasma which is simultaneously a CCP and an ICP; it would therefore be better described as an electromagnetically coupled plasma (EMCP) source. A multiconductor transmission line (MTL) model is proposed to describe electromagnetic coupling in a large area planar ICP antenna. The inductive antenna-plasma coupling was calculated in terms of the per-unit-length mutual partial inductance matrix, using the complex image method [30, 31] . The perunit-length capacitance matrix was estimated by analogy of capacitive coupling of the antenna to a plasma slab. The MTL matrix equations were solved by implementing the termination impedances of the resonant network. The MTL model reproduces the measurements of antenna input impedance spectra, with and without plasma coupling, for grounded and electrically floating antennas. The distinguishing feature of the model is that the mutual inductances and capacitive coupling between all elements of the antenna, plasma, and reactor are taken into account.
The model is valid for the whole range of skin depths in the plasma from much shorter to much longer than the reactor transverse dimensions. The MTL method is also valid for reactor lengths from shorter to longer than the effective wavelength of RF excitation in the plasma-coupled system. The model is analytic, with computation required only for the matrix solution.
The MTL approach could be applicable to model and design other planar ICP antenna sources (ladder, U-type, serpentine, double comb, etc) by applying the termination impedances appropriate to each antenna type. The lumped-element model for purely inductive coupling in [31] is recovered when capacitive coupling is neglected, i.e. in the limit C 0 ¯. Taking the origin for z at the middle of the leg length H 2 , the voltages V z  ( ) and currents I z  ( ) at both ends of the legs are
). These voltages and currents are determined by the termination impedances in the stringers: using the terminology of 
